Cold-acclimated twigs of Amelahbir aiifolia Nutt. released less HCN at -4.5 C than nonacclimated twigs following slow freezing to -25 C or rapid freezing to -78 C. Cold-acclimated twigs frozen slowly to -25 C released more HCN than cold-acclimated twigs frozen only to -4.5 C. Cold-acclimated twigs frozen slowly to -25 C and then rapidly to -78 C released less HCN at -4.5 C than cold-acclimated twigs frozen rapidly to -78 C. In general, K+ efflux and the inability to reduce triphenyl tetrazolium chloride following freezing and thawing paralleled HCN release at -4.5 C. Because low K+ efflux and high triphenyl tetrazolium chloride reduction are known to depend upon membrane integrity, the increased K+ efflux and the decreased triphenyl tetrazolium chloride reduction following freezing and thawing provide indirect evidence that HCN release at -4.5 C is a measure of membrane damage in frozen cells. 
Injury to plants has been suggested to occur during freezing, while plants are frozen, during thawing, or during a post-thaw period (7) . Few studies have identified injury during freezing or while plants are frozen because of the difficulties in detecting cellular changes without first thawing the plants. Nevertheless, cellular injury in frozen plants has been detected. Molisch (8) reported that certain plants release a coumarin odor when killed and that this odor is released when plants are still frozen. The coumarin odor apparently results from the production ofcoumarin from an odorless glycoside. Krasavtsev (5) observed a yellow fluorescence from frozen cells of spruce and cherry when they were killed by freezing. Recent evidence indicates that membrane injury occurs in frozen cells. Greenham (2) showed that the electrical conductivity of alfalfa tissue increased when the tissue was frozen below its killing temperature; increased electrical conductivity indicates increased plasma membrane permeability. Yoshida and Sakai (17) demonstrated that membrane phospholipids are degraded at temperatures as low as -20 C in fatally frozen plant tissues. Stout et al. (15) showed that HCN is released when cyanogenic plant material (Saskatoon serviceberry) is frozen to a temperature below the killing temperature; the release of HCN would indicate the loss of membrane integrity if the cyanogenic glycoside and degradative enzymes are compartmentalized as they are in sorghum (4) . Interestingly, the principle of the method recently described by Stout et al. (15) is similar to that used by Molisch in 1897 (8) .
This paper describes the effect of cold-acclimation and of freezing stress on the release of HCN Twig sections, 500 to 800 mg (fresh weight) were wrapped in one thickness of cheesecloth, the package was attached to a rubber stopper with wire, and this was fitted to a test tube (20 x 80 mm) containing 12% ethanol in 1 N NaOH (0.4 ml). Following various freezing treatments HCN release was measured at -4.5 C. A preliminary experiment indicated that cold acclimated twigs had a freezing temperature of -1.25 ± 0.10 C. From this freezing temperature it was calculated that close to 72% of the tissue water would be frozen at -4.5 C. Thus, -4.5 C was chosen since it was sufficiently low to freeze a large fraction of the tissue water, but it was sufficiently high to allow substantial HCN release from injured twigs. After each trapping interval, the NaOH volume was adjusted to 2 or 5 ml with 1 N NaOH and the cyanide concentration was measured colorimetrically using the method of Lambert et al. (6) . HCN release from Sorghum bicolor L. leaves was measured in a manner similar to that described for Saskatoon serviceberry with the exception that the sample size was 200 to 400 mg fresh weight.
Slow freezing (3 C/h) was done in a domestic freezer equipped with a manually operated temperature control (Yellow Springs Instruments, model 63RC). Rapid freezing to -25 C was done by placing test tubes containing twigs directly into the freezer at -25 C. Rapid freezing to -78 C was done by placing the twigs on dry ice.
Because Saskatoon serviceberry cuttings "develop roots poorly and develop little vegetative growth" (1), it is difficult to measure the killing temperature of twigs. Therefore, two common methods of measuring membrane injury following freezing and thawing were used to estimate damage to twigs for comparison to HCN release at -4.5 C. Twigs were frozen to various temperatures, kept at these temperatures for 2 h, and then thawed at 4 C for 12 h. Following thawing, twigs were either placed in water and shaken for 24 h, at which time the amount of K+ in the water was measured by atomic absorption, or TTC reduction was measured (14) . RESULTS 
AND DISCUSSION
Release of HCN at -4.5 C from cold-acclimated and nonaccimated twigs frozen to -4.5 C was similar to HCN release from the corresponding controls at 4 C, during the first 8 days' measurement ( Fig. 1 ). After thawing from -4.5 C, K+ release (Tables  I and II) and TTC reduction (Table III) indicated that neither cold-acclimated nor nonacclimated twigs were injured by the freeze to -4.5 C. Increased K+ release following the freeze-thaw cycle would have indicated either an increase in the passive permeability of the plasma membrane or injury to an active transport process (9) . Decreased TTC reduction following the freeze-thaw cycle would have indicated loss of subcellular compartmentation (12) . Therefore, the small K+ efflux, the TTC reduction, and the small HCN release all support the conclusion Gusta and Fowler (3) reported that damage to winter wheat did not change during the first 8 h at a freezing temperature, but that winter wheat kept at freezing temperatures for 24 h had a killing temperature of 4 to 6 C higher than winter wheat stored for only 1 h at freezing temperatures. Levitt (7), on the other hand, concluded that damage does not increase with time during the first 24 h of storage at a particular freezing temperature. Thus, the K+ and TTC results should only be compared to the HCN results acquired during about the first 24 h at a freezing temperature.
Following 8 days at -4.5 C, the rate of HCN release from nonacclimated twigs increased, and following 10 days at 4 C, the rate of HCN release from nonacclimated twigs increased (Fig. 1 Presumably, the increased rate of HCN release resulted from membrane deterioration with time of storage. In addition, since excised twigs were used in this study, it can be concluded that deterioration of cellular functions would have occurred as the energy source was depleted. The rate of HCN release from coldacclimated twigs did not increase significantly during a 12-day period (Fig. 1) . This indicates that cold-acclimated twigs tolerate storage at a particular temperature for a longer period of time than do nonacclimated twigs.
About 50%/ of the maximum K+ release observed for nonacclimated twigs was brought about by freezing to -6 to -8 C (Table  I) . A lethal freezing temperature is frequently related to the temperature which results in leakage (following thawing) of 35 to 50%o of the electrolytes (7) or ninhydrin-reactive compounds (11, 16) . Lack of HCN release above this temperature range of -6 to -8 C (-4.5 C, Fig. 1 ) and high HCN release below this temper- ature range (-10 C, 15), suggests that HCN release requires freezing below the killing temperature of the plant.
Nonacclimated twigs frozen slowly to -25 C and then warmed to -4.5 C, released more HCN in 18 h than nonacclimated twigs frozen only to -4.5 C (Table I) . Cold-acclimated twigs released a similar amount of HCN whether frozen first to -25 C or only to -4.5 C (Table II) . K+ release following thawing from -25 C indicated that the nonacclimated membranes were injured, but that cold-acclimated membranes were not injured (Tables I and  II) . The TTC reduction results, in contrast to the HCN and K+ results, suggest that nonacclimated twigs frozen to -25 C were highly injured, but that cold-acclimated twigs frozen to -25 C were less injured (Table III) . Following 3 days at -4.5 C, twigs which had been frozen slowly to -25 C and kept there for 2 h, began to release more HCN than twigs frozen only to -4.5 C (Fig.  1 ). This agrees with the TTC results in suggesting that some injury did result from the freeze to -25 C. However, since the actual killing temperature of the twigs was not measured, it is not known whether or not this injury resulting from the slow freeze to -25 C was fatal.
Steponkus and Wiest (13) found that protoplast damage is not manifested until membrane area expansion occurs during thawing. Since membrane area expansion would have occurred when twig temperature was increased from -25 C to -4.5 C, involvement of membrane area expansion in membrane injury cannot be ruled out in our experiment. However, membrane area expansion was not a requirement for manifestation of membrane damage in nonacclimated twigs frozen to -10 C (15). Nevertheless, the present results indicate that membrane injury does occur in frozen cells and that it does not require complete thawing.
Rapid freezing typically causes intracellular ice formation which is always fatal (7) . Rapid freezing of cold-acclimated twigs to -25 C resulted in a faster rate of HCN release than slow freezing to -25 C (Fig. 1) . As well, rapid freezing to -78 C resulted in a high rate of HCN release from both cold-acclimated and nonacclimated twigs (Fig. 1) . After rapid freezing to -78 C, the amount of HCN release was smaller for cold-acclimated twigs than for nonacclimated twigs. Rapid freezing to -78 C caused significant membrane damage as measured by increased K+ release (Tables I and  II) and by decreased TTC reduction (Table III) .
Sakai (10) reported that prefreezing twigs by slow freezing to a temperature in the range -15 C to -30 C allowed them to survive immersion in liquid N2 (-196 C) . The greater the hardiness of the twigs, the higher the prefreezing temperature that would allow survival when frozen to -196 C. Slow prefreezing of cold-acclimated Saskatoon serviceberry twigs to -25 C followed by rapid freezing to -78 C decreased the amount of HCN release compared to twigs frozen directly to -78 C (Fig. 1) . This lower rate of HCN release from prefrozen twigs suggests that less membrane damage occurred; however, the TTC results indicated that the prefrozen twigs were as injured as the directly frozen twigs (Table III) . Even though fatal intracellular ice formation would have occurred in all rapid freezing treatments, the degree of membrane damage varied with treatment: rapid freezing to -78 C > prefrozen to -25 C followed by rapid freezing to -78 C > rapid freezing to -25 C.
As stated by Stout et aL (15) , the main weakness of their method for measuring membrane injury in frozen cells is that it requires the assumption that the cyanogenic glucoside and f8-glucosidase are separated from each other by a membrane or a series of membranes, as is the case for sorghum. In sorghum, the glucoside dhurrin is located in the vacuole of epidermal cells and the figlucoside is located in the cytoplasm of mesophyll cells (4) . Thus, the release of HCN from sorghum leaves requires destruction of both the tonoplast and the plasma membrane. One might question whether or not the glucoside and/or ,B-glucosidase would diffuse sufficiently in frozen tissues to come together in a plant such as sorghum, where they are located in different cells in different tissues. However, release of HCN from sorghum leaves at -4.5 C (Table IV) demonstrates that the glucoside and/or 13-glucosidase diffuse sufficiently in frozen tissues to cause HCN release. Because sorghum is a chilling-sensitive plant, any freezing would be expected to be lethal. This is supported by the HCN release at -4.5 C whether leaves were frozen slowly to -4.5 C or rapidly to -25 C (Table IV) . Less HCN was released from slowly frozen leaves than from rapidly frozen leaves, during the first 24 h. Therefore, slow freezing may have caused less membrane damage than fast freezing initially, an observation also made with Saskatoon serviceberry (15) . Greater release of HCN from controls at 4 C than from controls at 30 C (Table IV) points out the potential use of this technique for measuring membrane injury resulting from chilling as well as membrane injury resulting from freezing.
When exposed to sufficient freezing stress, cold-acclimated and nonacclimated plants are injured while still in the frozen state as measured by HCN release. The agreement in the relative degree of membrane damage following a freeze-thaw cycle, as measured by K+ release or TTC reduction, and the degree of membrane damage predicted to have occurred while twigs were frozen, as measured by HCN release, provides evidence that the HCN method does measure membrane injury.
